Natural killer (NK) cells are expanded in chronic myeloid leukemia (CML) patients on tyrosine kinase inhibitors (TKI) and exert cytotoxicity. The inherited repertoire of killer immunoglobulin-like receptors (KIR) may influence response to TKI. We investigated the impact of KIR-genotype on outcome in 166 chronic phase CML patients on first-line imatinib treatment. We validated our findings in an independent patient group. On multivariate analysis, KIR2DS1 genotype (RR ¼ 1.51, P ¼ 0.03) and Sokal risk score (low-risk RR ¼ 1, intermediaterisk RR ¼ 1.53, P ¼ 0.04, high-risk RR ¼ 1.69, P ¼ 0.034) were the only independent predictors for failure to achieve complete cytogenetic response (CCyR). Furthermore, KIR2DS1 was the only factor predicting shorter progression-free (PFS) (RR ¼ 3.1, P ¼ 0.03) and overall survival (OS) (RR ¼ 2.6, P ¼ 0.04). The association between KIR2DS1 and CCyR, PFS and OS was validated by KIR genotyping in 174 CML patients on first-line imatinib in the UK multi-center SPIRIT-1 trial; in this cohort, KIR2DS1( þ ) patients had significantly lower 2-year probabilities of achieving CCyR (76.9 vs 87.9%, P ¼ 0.003), PFS (85.3 vs 98.1%, P ¼ 0.007) and OS (94.4 vs 100%, P ¼ 0.015) than KIR2DS1(À) patients. The impact of KIR2DS1 on CCyR was greatest when the ligand for the corresponding inhibitory receptor, KIR2DL1, was absent (P ¼ 0.00006). Our data suggest a novel role for KIR-HLA immunogenetics in CML patients on TKI.
Introduction
Tyrosine kinase inhibitors (TKIs) have revolutionized the treatment of chronic myeloid leukemia (CML), but despite their proven efficacy to induce hematologic and cytogenetic responses, the majority of patients have persisting disease as assessed by quantitative real-time PCR for BCR-ABL1 transcripts. 1, 2 This may be due to survival of quiescent leukemic stem cells, which have been shown to be resistant to TKIs. Currently, the only treatment modality which offers the possibility of long-term disease-free survival remains allogeneic hematopoietic stem cell transplantation (allo-SCT), the 'curative' effect of which is mediated in large through an allo-immune graft-vs-leukemia effect. 3 Natural killer (NK) cells are an important component of the innate immune system, providing first-line defense against altered tissues, notably virally infected cells and tumors. The physiological functions of NK cells, including cytotoxicity and cytokine release, are determined by a balance between signals received from inhibitory and activating cell surface receptors. These receptors include the killer immunoglobulin-like receptors (KIRs), which are specific for allotypic determinants shared by different HLA-class I molecules (referred to as KIR ligands). [4] [5] [6] The role of NK cells in the graft-vs-leukemia response has been shown in haplo-identical allo-SCT, and in some studies, in both the matched related and unrelated donor settings [7] [8] [9] [10] This, together with in-vitro evidence that NK cells are capable of killing CML progenitor cells and exerting cytotoxic activity against primitive quiescent CD34
þ Philadelphia (Ph) positive cells, suggest that NK cells may also have a central role in the outcome of patients with CML. 11, 12 Moreover, a recent study has reported the presence of clonal, BCR-ABL1-negative NK and T-lymphocyte populations in patients with CML, which expand further on imatinib and dasatinib. 13 Data on the impact of imatinib on NK function have been conflicting, ranging from impaired NK mediated anti-leukemia responses to enhanced anti-tumor NK responses. 14, 15 We demonstrated an impact of KIR genotype on the response and outcome of patients with CML treated with imatinib as firstline therapy, suggesting novel immunological interactions between NK and CML cells of clinical relevance.
Patients and methods

Patient characteristics and treatment
A total of 166 consecutive adult patients with BCR-ABL1-positive CML in chronic phase (CP) who received imatinib as first-line therapy at Imperial College NHS Healthcare Trust were included as the 'discovery set' in the study. Patient characteristics are detailed in Table 1 . The median follow-up was 36 months and 75% of the patients were followed for a minimum of 24 months. No patients were lost to follow-up. Patients were commenced on imatinib (Gleevec, Novartis, Basel, Switzerland) within 6 months of diagnosis with no previous treatment for leukemia other than hydroxycarbamide for initial cytoreduction. All patients gave written informed consent for the use of their data for this analysis. CP was defined by conventional criteria. 16, 17 Patients received imatinib 400 mg daily orally and the dose was adjusted according to tolerance and response. 18, 19 The dose of imatinib was reduced in the presence of grades III-IV toxicity 20 with the aim of maintaining imatinib at or above 300 mg/day. The criteria for changing to a second generation tyrosine kinase inhibitor (2G-TKI) were those recommended by the European LeukemiaNet. 21 Thirty-eight patients discontinued imatinib therapy and received either a 2G-TKI (n ¼ 22) (dasatinib or nilotinib) or allo-SCT (n ¼ 16).
Bone marrow morphology and cytogenetics were assessed at diagnosis, and then at three-monthly intervals until patients achieved complete cytogenetic response (CCyR). Thereafter, patients were monitored by real-time PCR for BCR-ABL1 transcripts and annual bone marrow examination. CCyR was defined by the failure to detect any Ph chromosome-positive metaphases in a bone-marrow examination with a minimum of 20 metaphases examined.
Validation sample
The prognostic influence of the KIR genes found to be significant in the discovery sample was validated using a second independent sample of 174 patients with CML in CP treated with first-line imatinib within the UK multi-center trial (SPIRIT 1). Briefly, the SPIRIT 1 trial is a phase III study in which newly diagnosed CML patients in CP, were randomly allocated to receive either imatinib 400 mg daily or imatinib 800 mg daily. The monitoring schedule employed was similar to the one described above. The median follow-up for the whole group was 34 months and 131 of the patients have been followed for at least 24 months.
KIR genotyping
Genomic DNA was typed for the inhibitory KIR genes KIR2DL1, KIR2DL2, KIR2DL5A (alleles 001 and 005), KIR2DL5B (alleles 002-004, 006 and 007), KIR3DL1, KIR3DL3, the activating KIR genes KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DS1, the framework genes KIR2DL3, KIR2DL4, KIR3DL2, KIR3DP1 and the pseudogene KIR2DP1. Briefly, genotyping was performed using PCR amplification with two locus sequencespecific primers (PCR-SSP) (Invitrogen, Milwaukee, WI, USA). The primer sets amplified alleles described by the International Nomenclature Committee of the World Health Organization (http://www.ebi.ac.uk). Internal control primers that amplify an 800 bp-fragment and a 200 bp-fragment of the alleles of KIR3DP1 (framework gene expressed in nearly all haplotypes) were used to confirm robust PCR amplifications. Amplification was performed in 10 ml of PCR mix containing 500 ng of genomic DNA and 5 U/ml Taq polymerase (Bioline, London, UK). Cycling was performed as follows: 30 cycles of 941 for 20 s, 63 1 for 20 s and 72 1 for 90 s. PCR products were then electrophoresed in 2% agarose gels containing ethidium bromide and the products were visualized under ultraviolet light.
HLA typing
High-resolution HLA typing was performed with the use of PCR with sequence-specific primer and reference strand conformational analysis using in-house primers. HLA-C alleles were classified as group 1 and group 2 based on the amino acid at position 80. 
Statistical methods
Probabilities of overall survival (OS) and progression-free survival (PFS) were calculated using the Kaplan-Meier method. PFS was defined as survival without evidence of progression to accelerated or blast phase disease. 22 The probability of cytogenetic response was calculated using the cumulative incidence procedure, where cytogenetic response was the event of interest and death and disease progression were the competitors. For cytogenetic response analysis, patients were censored at discontinuation of imatinib, for PFS and OS patients were analyzed in an intention to treat basis. Univariate analyses to identify prognostic factors for survival, PFS and cytogenetic response were carried out using the log-rank test. In the validation study the prognostic influence of the KIR genes was analyzed using a log-rank test stratified by allocated therapy. Variables found to be significant at the Po0.10 level were entered into a proportional hazards regression analysis; a forward stepping procedure was employed to find the best model. We did not analyze the prognostic influence of an individual KIR gene (see below) if the gene prevalence was o10% of the population (15 patients). P-values were two sided.
Results
Discovery study
The discovery study included 166 patients with CML-CP who received imatinib as first-line treatment within 6 months of 
KIR genotype and CCyR, PFS and OS
The KIR gene frequencies are summarized in Table 2 . The 2-year probabilities of achieving CCyR, PFS and OS according to the KIR genotype are shown in Table 2 . The presence of the activating KIR genes KIR2DS1, KIR2DS3 and the inhibitory KIRs KIR2DL5A and KIR2DL5B alleles, and absence of the activating KIR gene KIR2DS4 were significantly associated with a lower probability of achieving CCyR ( Table 2 ). The presence of KIR2DL5A, KIR2DS1 KIR2DS5, KIR3DS1 were associated with significantly shorter 2-year probabilities of PFS and OS (Table 2 ). There was no significant influence of KIR haplotype, or the number of activating KIRs or inhibitory KIRs on the probability of achieving CCyR, PFS and OS (data not shown).
As reported previously, we found a strong linkage disequilibrium between several genes. [23] [24] [25] The following genes were in strong positive linkage disequilibrium: KIR2DS1, KIR2DL5A, KIR2DS3, KIR2DS5 and KIR3DS1 (Po0.0001 in all cases). On the other hand KIR2DS1 and KIR2DS4 were in perfect negative linkage disequilibrium (Po0.001).
We also examined the prognostic influence of the variables shown in Table 1 on the 2-year probabilities of achieving CCyR, PFS and OS. Sokal risk score 26, 27 at diagnosis was the only predictive variable for achievement of CCyR; the 2-year probability of CCyR for the low, intermediate and high Sokal risk groups were 82.6, 69.8 and 62.1%, respectively, P ¼ 0.04. None of the variables (including Sokal risk score) were found to predict for PFS and OS.
We carried out a multivariate analysis for each outcome (CCyR, PFS and OS) including the KIR genes identified in the univariate analysis and for the CCyR analysis we also included the Sokal risk score. The presence of KIR2DS1 (RR ¼ 1.51, P ¼ 0.03) and Sokal risk score (low risk RR ¼ 1, intermediate risk RR ¼ 1.53, P ¼ 0.04 and high risk RR ¼ 1.69, P ¼ 0.034) were the only independent predictors for failure to achieve CCyR. Furthermore, the presence of KIR2DS1 alleles within a patient's KIR repertoire was the only independent predictor for shorter PFS (RR ¼ 3.1, P ¼ 0.03 and OS (RR ¼ 2.6, P ¼ 0.04). Figure 1 shows the probabilities of achieving CCyR and OS according to KIR2DS1 status.
Validation study
In order to validate our results we explored the influence of the KIR genotype on the achievement of CCyR and on the probabilities of PFS and OS in an independent patient cohort. KIR genotype was determined in 174 patients with CML-CP treated with first-line imatinib in the SPIRIT 1 trial (see methods section). The 65 patients who were KIR2DL5A allele positive had significantly lower 2-year probabilities of achieving CCyR, PFS and OS compared with the 109 patients who were negative for this gene, namely 80.4 vs 86.8% (therapy stratified logrank test ¼ 0.03), 85.7 vs 98.1% (therapy stratified log-rank test ¼ 0.007) and 94.3 vs 100% (therapy stratified log-rank test ¼ 0.017), respectively. Furthermore, the 66 KIR2DS1-positive patients had lower probabilities of achieving CCyR and lower PFS and OS than the 106 KIR2DS1-negative patients, namely 76.9 vs 87.9% (therapy stratified log-rank test ¼ 0.003), 85.3 vs 98.1% (therapy stratified log-rank test ¼ 0.007) and 94.4 vs 100% (therapy stratified log-rank test ¼ 0.015), respectively (in eight patients KIR2DS1 status could not be accurately determined) (Figure 2 ). In accord with our finding in the initial patient cohort, on multivariate analysis of the SPIRIT 1 patients, KIR2DS1 positivity remained the only independent predictor for all three outcomes.
Influence of KIR2DS1 and HLA-C on CCyR
Because a KIR2DL1 interaction with group 2 HLA-C molecules on target cells would theoretically inhibit an activating signal mediated by KIR2DS1, we hypothesized that any effect of KIR2DS1 would be greatest among individuals who are missing group 2 HLA-C ligand for KIR2DL1. Therefore, we determined the various combinatorial frequencies of KIR2DS1 with group 2 HLA-C alleles in the discovery plus the validation patients (n ¼ 340). We subdivided patients into three groups on the basis of KIR2DS1/2DL1 genotype and group 2 HLA-C alleles (C2) genotype: group I: KIR2DS1 Àve, KIR2DL1 þ ve and C2 þ ve (n ¼ 80); group II: KIR2DS1 þ ve, KIR2DL1 þ ve and C2 þ ve (n ¼ 85); and group III: KIR2DS1 þ ve, KIR2DL1 þ ve and C2Àve (n ¼ 46). The probability of achieving CCyR at 2 years for patients in group I was 98.6% compared with 74.8% for group II and 64.1% in group III (P ¼ 0.00006; Figure 3 ). These data suggest that the association between the activating gene KIR2DS1 and CCyR is even more significant when the HLA 
Discussion
CML is susceptible to immune effector responses and NK cells have well documented anti-leukemia activity. 28, 29 Indeed, the association between KIR genotype and outcome following allo-SCT for myeloid leukemia has been shown by a number of groups. [30] [31] [32] [33] We recently reported on the relationship between KIR genotype and outcome in the setting of autologous SCT for myeloma. 34 Using a large homogeneous cohort of newly diagnosed patients with CML-CP treated with imatinib, we show here that patients carrying the activating KIR gene KIR2DS1 have a significantly lower probability of achieving CCyR, and lower 2-year probabilities of PFS and OS compared with those who are KIR2DS1 negative. On the other hand, absence of KIR2DS1 was associated with better response to imatinib. This effect was independent of Sokal risk score and was validated in a second independent large cohort of patients.
On univariate analysis, five KIR genes were found to have prognostic implications in CML patients on TKI therapy. The presence of KIR2DS1, KIR2DS3, KIR2DL5A and KIR2DL5B and the absence of KIR2DS4 were associated with significantly lower probabilities of achieving CCyR at 2 years. Two of these genes (KIR2DS1 and KIR2DL5A) were also associated with reduced probabilities of PFS and OS. As previously reported, KIR2DS1, KIR2DL5A, KIR2DS3, KIR2DL5A and KIR2DL5B genes were found to be in strong linkage disequilibrium. 35, 36 On multivariate analysis, KIR2DS1, a gene with a prevalence of up to 50% in the population, together with the Sokal risk group, were found to be the independent predictors for disease response (failure to achieve CCyR, RR ¼ 1.51, P ¼ 0.03) Furthermore, this gene was the only predictor for shorter PFS and OS (RR ¼ 3.1, P ¼ 0.03 and RR ¼ 2.6, P ¼ 0.04, respectively).
This association of KIR2DS1 with a reduced probability of achieving CCyR at 24 months and inferior PFS and OS in the 
Figure 1
The 2-year probabilities of CCyR and OS according to KIR2DS1 genotype on multivariate analysis. The 100 patients who were KIR2DS1 positive (broken line) had a significantly lower probability of achieving CCyR (a) and lower overall survival (b) than the 66 patients (solid line) who were KIR2DS1 negative, namely 65.6 vs 82.3% (P ¼ 0.03) and 92.3 vs 100% (P ¼ 0.04), respectively. KIR2DS1 genotype predicts for complete cytogenetic response and survival D Marin et al discovery population, was also observed in the validation cohort, which included newly diagnosed patients with CML treated on the multi-center SPIRIT 1 trial, namely 76.9 vs 87.9% (P ¼ 0.003), 85.3 vs 98.1% (P ¼ 0.007) and 94.4 vs 100% (P ¼ 0.015), respectively. This is especially relevant as the patients in the validation set were randomly assigned to treatment with different doses of imatinib, underscoring the predictive role of KIR2DS1 on outcome of CML, irrespective of the dose of imatinib that the patient may have received.
The impact of the KIR2DS1 genotype on the probability to achieve CCyR was even greater when the expression of this gene was considered together with the presence or absence of the ligand for the corresponding inhibitory KIR receptor (KIR2DL1), suggesting that in the presence of the HLA ligand, the corresponding inhibitory KIR may neutralize the effect of the activating KIR. The same phenomenon has also reported in psoriasis where subjects with activating KIR2DS1 genes were found to be significantly more susceptible to developing psoriatic arthritis when the HLA ligand for the homologous inhibitory receptors, KIR2DL1 was missing. 37 Activating KIR molecules are known to bind with reduced affinity to HLA molecules compared with that observed for inhibitory KIRs, perhaps explaining the observed dominance of inhibition over activation of NK cells. Indeed, KIR2DS1 has significantly lower affinity for C2 group molecules than KIR2DL1. [37] [38] [39] The increased susceptibility effect of KIR2DS1 in the absence of group 2 HLA-C alleles suggests that ligands for KIR2DS1 may not be the same HLA molecules recognized by homologous KIR2DL1 receptors. Data from mice indicate that viral proteins structurally similar to class I molecules serve as ligands for activating receptors on NK cells, [40] [41] [42] [43] raising the possibility that activating receptors in humans may also recognize foreign molecules on target cells as opposed to recognition of self class I molecules. It is therefore possible that KIR2DS1 can recognize non-MHC molecules, such as aberrantly expressed normal cell surface proteins (for example, leukemia-associated antigens), or complexes of CML-derived peptides bound to MHC class I molecules.
The mechanism by which KIR2DS1 affects outcome in patients with CML-CP on imatinib is unclear. NK cells exert cytotoxicity against CML progenitors and kill quiescent CML stem cells. 44, 45 However, the interaction between TKI and NK cells is not fully elucidated. Imatinib has been shown to act on the c-kit signaling pathway of host myeloid dendritic cell subsets to promote NK cell IFN-g secretion and cytotoxicity. 46 On the other hand imatinib has been shown to impair NK antileukemic activity, possibly by downregulating expression of ligands for NKG2D, an NK receptor important in mediating an anti-tumor response. 47 It is possible that imatinib interacts differentially with individual NK subsets or their specific ligands to abrogate or enhance any NK anti-tumor function. Interestingly, NK cells have been shown to undergo clonal expansion in patients receiving TKI. 48 Recently NK cells expressing KIR2DS1 were shown to secrete transforming-growth factor-b, which has an inhibitory effect on NK-mediated target lysis and on proinflammatory cytokine production. 49 Transforming growth factor-b can modulate antigen-presenting cell function and lymphocyte differentiation, leading to expansion of regulatory T-cells and the suppression of auto-reactive T-cells. 50 Furthermore, transforming growth factor-b was recently shown to inhibit Akt signaling, a suppressor of the forkhead O transcription factor FOXO3a, in the CML leukemia-initiating cells 51 and may represent an important mechanism for the CML leukemiainitiating cells to survive imatinib. It is, however, possible that rather than being directly involved in the disease process, KIR2DS1 may be simply a surrogate marker for another neighboring gene that is directly involved in CML response to TKI.
In conclusion, our data demonstrate that KIR2DS1 may predict response to imatinib and identify patients at greater risk of treatment failure. KIR immunogenetics further supports a role for NK-mediated immunological responses in the control of disease response in CML.
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